A remarkable increase in the permeability of erythrocyte ghosts and liposomal membranes composed of erythrocyte lipids from aged diabetics was revealed by measuring [14C]glucose leakage. There were no significant differences in the contents of free cholesterol or phospholipids, or in the cholcsterol/phosphoUpid ratio between diabetic and normal erythrocyte membranes, but significantly higher amounts of unsaturated fatty acids, arachidonic acid and docosahexaenoic acid were observed in the erythrocyte membranes of diabetics. Reconstituted Uposomes prepared from aged diabetic erythrocyte lipids were highly susceptible to superoxide-induced oxidative stress. Vitamin E was highly effective in suppressing the peroxidative lysis of liposomes composed of diabetic erythrocyte lipids. The effect of superoxide dismutase (SOD} on the inhibition of peroxidation of unsaturated lipids within liposomal membranes was less than that of vitamin E.
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It is well recognized that one of the serious problems facing aged diabetic patients is the high prevalence of thrombotic disorders (1t. However, the pathogenesis of these disorders is not well understood. One possible factor contributing to this morbid state is thought to be due to hemorheologic changes in diabetics, since abnormalities in the physical properties of erythrocytes from diabetic patients have been reported. These abnormalities include increased whole-blood and plasma viscosity, reduced erythrocyte deformability, and an increased adhesion of erythrocytes to endothelial cells {2-6}.
In general, membrane phospholipids appear to play an important role in such physicochemical properties of erythrocyte membranes {7}. In fact, there is substantial evidence to suggest that dietary supplementation with polyunsaturated fatty acids induces changes in membrane-associated cell functions and physical properties such as fluidity {8-11}. However, the direct relationship between the physicochemical properties and membrane fatty acid composition of erythrocytes from diabetic patients has not yet been examined.
Polyunsaturated lipids, which influence membrane properties, are abundant in biological membranes, and their peroxidation is thought to constitute a serious threat to membrane integrity. Once peroxides are produced, the physicochemical properties of membranes are believed to be affected, and hence, membrane function could be altered {12}. In order to clarify the question whether the abnormalities in erythrocytes from aged diabetics arise from differences in their polyunsaturated *To whom correspondence should be addressed at the Tokyo Metropolitan Institute of Gerontology, 35-2 Sakae-cho, Itabashi-ku, Tokyo 173, Japan. (TMIG-I No. 158.) Abbreviations: MDA, malondialdehyde; PBS, phosphate buffered saline; SOD, superoxide dismutase; TBARS, thiobarbituric acid reactive substance.
lipid content, and whether vitamin E protects erythrocyte membranes against peroxidation, the permeability of erythrocyte ghosts and reconstituted liposomes prepared from erythrocyte membrane lipids was investigated. Also the susceptibility of erythrocyte lipids from aged diabetics to superoxide and the inhibitory effect of vitamin E on lipid peroxidation in erythrocytes from aged diabetics were examined.
MATERIALS AND METHODS

Materials.
Erythrocytes were obtained from 70-to 80-year-old diabetic patients and normal age-matched subjects. Patients with diabetes were receiving insulin therapy. All subjects took an almost identical restricted diet {amount of dietary lipids, 40 g/day}. The studies were performed after informed consent was obtained from all subjects. Fresh, heparinized blood was centrifuged at 1,500 • g for 10 rain, and the erythrocytes were washed three times with phosphate buffered saline {PBS, pH 7.4}. Erythrocyte ghosts were obtained by the method of Steck {13}. Xanthine, xanthine oxidase, superoxide dismutase {SOD}, and cytochrome c were purchased from Sigma Chemical Co. {St. Louis, MO}. D-[U-14C]glucose was obtained from Amersham International PLC {Buckingham-shire, UK}; a-tocopherol {vitamin E) was from E. Merck {Darmstadt, FRG}. All other chemicals were of the highest grade available.
Preparation ofliposomes. The erythrocyte ghosts were extracted with a mixture of chloroform and methanol {2:1, v/v} following a previously reported procedure {14}. Briefly, the extracted lipids {3.12 mg}, dicetyl phosphate {0.24 rag} and a-tocopherol {if necessary, 0.3 molar ratio to lecithin} were dissolved in 1 mL of a mixture of chloroform and methanol {2:1, v/v}. After rotary evaporation under N~, 0.2 mL of [14C]glucose solution in PBS {pH 7.4} was added to the dried lipids {under N2}. The mixture was shaken vigorously on a vortex mixer to obtain a suspension. The suspension was allowed to swell for 2 hr at room temperature and was then applied to a 20-cm column of Sephadex G-200. The column was eluted with PBS to yield a liposome suspension.
Measurement of the permeability of erythrocyte ghosts and liposomes to [14C]glucose.
Erythrocyte ghosts {1 mL of suspension} were mixed with [14C]glucose and 0.1 mM MgSO 4 in 0.5 mM sodium phosphate and incubated at 4~ for 15 hr. The radioactive marker was sealed inside by the shear stress through a No. 27 gauge hypodermic needle as previously reported (15}. The vesicles were then washed twice, suspended in cold 50 mM sodium phosphate {pH 7.8), and incubated at 25~ The vesicle suspensions were centrifuged at 15,000 X g for 20 rain at various intervals up to 7 hr. The radioactivity of each supernatant was measured using a scintillation counter.
Triplicate 0.2-ml aliquots of liposome suspension were placed into dialysis bags {0.8 cm diameter} containing appropriate reagents {xanthine and xanthine oxidase, and if necessary, SOD) in 1 mL of PBS and were dialyzed at 22~ against 4 mL of PBS with constant mixing by rotation. At various intervals up to 24 hr, the dialysis bags were removed and placed in 4 mL of fresh PBS at each time point.
[t4C]Glucose leakage was determined by measuring the radioactivity of the dialysate using a scintillation counter. Results were expressed as percent of total glucose released from erythrocyte ghosts or liposomes in suspensions to which the detergent, Triton X-100 (1% v/v), had been added.
Superoxide generating system. The complete system consisted of xanthine (2.5/~nol) and xanthine oxidase (0.2 U). The generation of superoxide (02-) by this system was measured as previously reported (16) . The inhibitory effect of a-tocopherol (0.3 molar ratio relative to lecithin) or SOD (30/~g) on the peroxidation of membranes was assessed by the inhibition of the O~induced increase in membrane permeability to [14C]glucose.
Analysis of erythrocyte membrane lipids. Erythrocyte membrane lipids were extracted with a mixture of chloroform and methanol (2:1, v/v) as described previously (13) . Aliquots were applied to a silica gel plate and developed with chloroform/methanol/acetic acid/formic acid]water (37.5:12.5:6:3:1, by vol) as the first solvent, and hexane/isopropyl ether/acetic acid (3:95:2, v/v/v) as the second solvent. The fractions were analyzed using a density chromatoscanner (Shimadzu, CS-910). In order to analyze the fatty acid composition of the extracted lipids, portions of the lipids were mixed with butylated hydroxytoluene and heated at 100~ for 2 hr with 5% HC1 solution in methanol. The reaction mixture was extracted with hexane and washed with water. The hexane solution was evaporated under nitrogen gas and lipids were taken up to 200 /~L of hexane. The esterified fatty acids were analyzed by gas chromatography on an EGS~X column. For analysis of vitamin E content in erythrocyte membranes, portions of the lipids extracted were re-extracted with ethyl acetate, and the ethyl acetate extract was injected on the guard column of the HPLC (Wakogel LC-5H, Wako Pure Chemical Co., Osaka, Japan). The experimental conditions of HPLC used for analysis were identical to those described earlier (17) .
RESULTS AND DISCUSSIONS
Erythrocyte membranes from aged diabetics were significantly more permeable to [14C]glucose than those from normal subjects as shown in Figure 1 Ip<0.05). One of the contributing factors to changes in the permeability of membranes is thought to be due to variation in the proportion of unsaturated lipids. It seems that the erythrocyte membrane lipids of aged diabetics are less saturated than those of normal aged subjects. We therefore analyzed the phospholipid, cholesterol, vitamin E and fatty acid contents of various erythrocyte membranes. Table 1 shows a comparison of the content of vitamin E and the compositions of erythrocyte ghost lipids between aged diabetics and normal subjects. There were no significant differences in the content of vitamin E, free cholesterol or phospholipids, or in the cholesterol/phospholipid ratios between diabetic and normal erythrocyte membranes. On the other hand, as shown in Table 2 , we found that diabetic erythrocyte membranes contain a significantly higher proportion of arachidonic acid (20: docosahexaenoic acid (22:6, 11.1%) as compared to normal erythrocyte membranes. Considering high arachidonic acid contents in either erythrocyte membrane in young diabetic women or in platelets of aged diabetics (18, 19) , the results suggest that there exists a difference in the lipid content of erythrocyte membranes between aged diabetics and normal subjects that can largely be ascribed to differences in the levels of unsaturated fatty acids. In the present study, both groups had essentially S. URANO ET AL.
the same dietary lipid intake. It is therefore suggested that the abnormal lipid content of erythrocyte membranes in aged diabetics could be due to disease~induced changes rather than diet-induced ones, although this mechanism can presently not be verified. In order to investigate whether the increase in the level of unsaturated fatty acids in erythrocyte membranes of aged diabetics induces the increased permeability of the membranes to [~4C]glucose, the permeability of reconstituted liposomes prepared from lipids extracted from diabetic erythrocyte ghosts was investigated.
Although the permeability of liposomes composed of diabetic erythrocyte lipids to [~4C]glucose was greater than that of liposomes composed of normal erythrocyte lipids, the difference was not statistically significant in the early stage of incubation {Fig. 2). After 18 hr, however, the rate of glucose leakage from liposomes composed of diabetic erythrocyte membrane lipids was significantly higher. As shown in Figure 2 , the peroxidation of the diabetic and normal lipids (thiobarbituric acid reactive substances--TBARS value) was progressive after 18 hr. These results suggest that as the degree of unsaturation of the lipids in erythrocyte membranes becomes higher, the leakage of glucose increases, and that the large difference in glucose leakage between diabetic and normal erythrocytes arises from differences in their susceptibility to peroxidation. Previously it has been shown that the oxidation of xanthine by xanthine oxidase caused lysis of erythrocyte membranes and liposomes, and that their permeability to glucose or chromate ions was significantly increased (15, 16) . Consequently, in order to clarify the susceptibility of liposomes to oxidative stress, liposomes were exposed to superoxide (02-) generated by the xanthine-xanthine oxidase system {16). Figure 3 shows the kinetics of liposome damage caused by exposure to 0~. In this experiment, the oxidation of lipids in both types of liposomes progressed with incubation time. Although glucose leakage from liposomes composed of either diabetic or normal erythrocyte lipids was enhanced by the addition of 0~, the leakage from the diabetic liposomes increased more markedly than that from normal liposomes. From these results, it would seem that diabetic erythrocyte membranes are more readily oxidizable probably due to their greater unsaturated fatty acid, especially arachidonic acid and docosahexaenoic acid, contents.
It is recognized that aerobic organs and cells are protected from oxygen toxicity by an array of defense systems, including preventive antioxidants, such as vitamin E, and antioxidative enzymes, such as superoxide dismutase (SOD) (20) (21) (22) . In order to verify the inhibitory effects of vitamin E and SOD on the oxidative damage of diabetic erythrocyte membranes by O~, we examined the protection of liposomes against oxidation by vitamin E inside the membranes or SOD outside the membranes. As shown in Figure 4B , the inhibitory effect of vitamin E on the oxidative damage of normal liposomes was similar to the effect of SOD. In contrast, Figure 4A shows that vitamin E was much more effective than SOD in suppressing the oxidative damage to diabetic liposomes. In this experiment, no significant inhibitory effect of vitamin E against lipid peroxidation was observed by the use of physiological vitamin E content in liposomes, probably because of the nonphysiologically high . Vitamin E contents in diabetic and normal liposomes were 0.3 pg and 0.4 ~g/mg lipids. TBARS values in diabetic IV) and normul (e} liposomes upon 02exposure were measured at each time point as previously described (27) . amount of 0-2 used. Consequently, we also used a relatively high amount of vitamin E (0.3 molar ratio to lecithin). Although the physical properties of the membranes could be altered under these conditions, it is reasonable to assume that the membranes are stabilized by the addition of vitamin E (23, 24) , and that the inhibitory effect of vitamin E in both types of liposomes, which include the same amount of vitamin E, can be compared under these conditions. As it has been proven that O~ generated outside the membrane can freely diffuse across the membrane (25) , it seems that O~ or other oxygen radicals derived from O~(for example, "O2H, H20~ and "OH) induce oxidative chain reactions within membranes. In the diabetic erythrocyte membrane, this chain oxidation may propagate more readily, because diabetic erythrocyte lipids are more unsaturated than the lipids of normal erythrocytes. Vitamin E is known to act as a chain-breaking antioxidant rather than a deactivator of oxygen radical species in membranes. Consequently, the effect of vitamin E on oxidative damage to liposomes made from diabetic erythrocyte membrane lipids is greater than the effect on damage to normal erythrocyte lipid liposomes. On the other hand, SOD directly scavenges only O~outside the membrane, while other active oxygen species derived from 02 may not be scavenged there and may diffuse across the membrane thus inducing oxidative chain reactions. Consequently, the inhibitory effect of SOD in diabetic liposomes would be less than that of vitamin E (Fig. 4) .
In conclusion, erythrocyte membranes from aged diabetics are significantly more permeable to glucose than erythrocyte membranes from normal aged subjects. The content of unsaturated fatty acids is higher in diabetic erythrocyte membranes, making them more susceptible than normal erythrocytes to oxidative stress. Furthermore, vitamin E is highly effective in suppressing peroxidation within diabetic erythrocyte membranes in accordance with its excellent chain-breaking activity. Although it is impossible at present to verify the mechanism of the increased leakage of glucose from diabetic erythrocyte membranes, it appears reasonable to suggest that the abnormal lipid environment in these membranes and their high susceptibility to oxidative stress would affect glucose transporter activity and thus glucose flux from erythrocytes (26) .
